Abstract-To evaluate the quality of magnetic materials used in electrical machines, accurate material characterization is required. For common, solid (nonlaminated) ferromagnetic materials, characterization procedures such as the toroidal ring sample test method are capable of mapping electromagnetic properties with reasonable accuracy. This is true when the investigation is for solid materials to be used in conventional magnetic circuits, i.e., where the flux paths and induced eddy currents follow the more common "radial" characteristics, as in a standard rotating machine. When solid ferromagnetic materials are employed in unconventional machine structures, such as for transverse flux machines or tubular linear machines, classical methods are not capable of achieving an accurate representation of the flux conditions in the machine, thus resulting in inaccurate characterization data that usually underestimate the total loss prediction. In this paper, a new testing method is proposed to impose the correct flux conditions for solid materials (used in tubular linear machines) and accurately map the eddy current losses in the solid parts. The proposed method uses a simple experimental test setup to characterize the power loss of solid, ferromagnetic material. The basic experimental results from the new setup are compared to results from three-dimensional finite element analysis.
tubular machines, a solid structure of the stator core can actually represent an optimal solution in terms of performance versus cost. While this comes at the cost of extra iron losses [3] , there are a number of methods and techniques that can be implemented to mitigate and reduce these core loss effects [3] . These procedures, however, require an accurate mapping of the material characteristics in order to achieve an optimal machine design, which due to the unconventional magnetic circuits cannot be achieved by the well-known standard procedures mentioned in [4] and [5] .
In this paper, a new method for the characterization of solid magnetic material, with focus on the core power losses is proposed and investigated. This method involves a simple experimental setup capable of characterizing solid materials to be used in nonstandard magnetic circuits such as that of the tubular machine shown in Fig. 5 , where the flux travels axially in the stator yoke. In order to further validate the proposed setup, a hightech, magnetic measurement system, MPG 200, Brockhaus, is also used and compared with 3-D, finite-element (FE) results achieved with time harmonic and transient solvers [6] .
II. MATERIAL CHARACTERIZATION METHODS OVERVIEW
This section introduces material characterization methods for laminated and for solid materials and highlights the limitations regarding such procedures when applied to systems that have unconventional magnetic circuits.
A. Laminated Materials
Today, there is a wealth of literature and data that details the magnetic properties of laminated materials [1] . Alternatively, fast and accurate testing methods for such materials can be achieved by implementing "simple" tests such as the Epstein frame method and the single sheet tester method. The toroidal ring method allows stacks of lamination material in the form of circular ring samples to be characterized quite accurately. In some cases, the complete machine stator is used instead of a toroidal ring sample [4] as shown in Fig. 1 .
B. Solid Materials for Conventional Arrangements
In terms of solid magnetic materials, today there are considerable amounts of freely available data regarding the mechanical and physical properties of such materials as EN8, SSJ416, etc.
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. [7]. However, when it comes to the magnetic properties of such solid materials, there is often a lack of information. Even when such data are available, it is generally incomplete and does not provide all the information that the electrical machine designer requires. In order to mitigate this, there are a number of testing procedures that can be used for characterizing the ferromagnetic properties of solid materials. However, such procedures are usually limited to applications where the magnetic circuit is relatively standard such as for conventional rotary "radial" electrical machines, where the main flux and the eddy currents follow the "standard" paths such as shown in Fig. 2(a) and (b) , respectively.
C. Solid Materials for Unconventional Arrangement
For electrical machines that employ a nonstandard configuration such as the tubular machine of Fig. 3 , which was explored extensively in [2] and [8] , the magnetic circuit is quite different from a standard rotary machine.
In such an electrical machine, the magnetic flux travels in the same direction of the moving parts [9] . Hence, the main flux path becomes "axial," while the eddy current paths become "radial" as illustrated in Fig. 4 (a) and (b), respectively. This indicates that common material characterization methods such as illustrated in Fig. 1 do not accurately represent the true flux and current conditions in this configuration. If such methods are used, this can result in a nonoptimal design of solid magnetic material electrical machines.
III. CHARACTERIZATION METHOD FOR CONVENTIONAL MAGNETIC CIRCUITS
This section illustrates how characterization of material employed in standard magnetic circuits can be achieved. Considering a homogenous material structure, then isotropic magnetic properties can be assumed.
A ring sample setup with two windings as shown in Fig. 5 is required, where the main winding creates the magnetic field intensity H and the second winding is used to measure the generated flux density B in the ferromagnetic core.
The objective of this test is to calculate the relative permeability μ r and the specific losses of the material at different frequencies and flux densities. The maximum values of H and B can be computed from (1) and (2) , where V sense is the average or dc value of the output signal measured by an average-type voltmeter. An RMS-type voltmeter could also be used when the form factor of the output voltage of the secondary winding is kept at 1.1107, which as discussed in [5] indicates a pure sinusoidal B in the ring sample. Then, μ r can be calculated with (3) where μ o is the permeability of free spacê
Fig . 6 illustrates a test setup that involves a toroidal ring core with uniform cross-sectional area, as advised by the BS EN 60404-6:2003 [5] .
Considering a purely sinusoidal B inside the ring sample, the BH curves of an EN8 solid steel ring sample, whose parameters are shown in Table I , are obtained through a closed-loop magnetic measurements system (MPG 200D). This is done for a frequency range of 2.5-50 Hz, with the resulting curves being shown in Fig. 7 . The figure also shows the dc magnetic characteristics of EN8 obtained from the MPG 200 measurement system. Fig. 8 shows the relationship between μ r and B at different applied frequencies for the EN8 sample. It can be clearly observed how μ r is strongly frequency dependent and that μ r is higher at low frequencies, reaching its maximum values when the flux density is equal to 0.7 T at 2.5 Hz. Generally, at very low frequencies, the ac μ r is approximately identical to the dc value of μ r [10] .
One of the main challenges related to the use of solid materials is the eddy current loss. In this paper, the total iron loss P watt in the ring sample is measured by using the single-phase wattmeter method. The current coil of the wattmeter is connected in series with the main winding and its voltage coil is connected in parallel with the sense winding. Equation (4) is then used to compute the total core power losses P loss , where it is important to note that the copper loss has no effect on the wattmeter reading because only the main current is measured in the primary side [5] .
As described in [11] , the total loss over one electrical cycle can be numerically computed by (5) , where k is the sampling number per complete electrical cycle
The iron losses calculated from (5) can be categorized into three types of losses, namely eddy current losses, hysteresis loss, and excess (abnormal) loss. The latter "abnormal" loss is considered as part of the total eddy current losses [12] , [13] . As that the hysteresis losses increase linearly with the applied frequency while the eddy current losses increase with the square of the frequency, these losses can be easily separated by using (6) and (7), where P (f 1) is the total iron power loss at frequency f 1 , P (f 2) is the total iron power losses at frequency f 2 , P e is the eddy current power loss, and P h is the hysteresis power loss
Thus, using all the above, the actual core losses in the ring sample can be identified. For the ring sample discussed above, Fig. 9 shows the total losses derived from experimental tests at different frequencies and flux densities.
This method provides accurate measurement of μ r for magnetic materials forming any closed magnetic circuit. However, measuring P h with this method is only suitable for alternating or 1-D traveling flux, and P h behaves very differently when 2-D or rotating magnetic flux is applied [14] . The generated eddy current, and hence P e , behaves completely different if the flux lines pass radially instead of azimuthally. Therefore, one directional inducing flux method, such as shown in Fig. 5 , would results in nonoptimal and inaccurate material characterization.
IV. CHARACTERIZATION OF MATERIALS TO BE USED IN UNCONVENTIONAL MAGNETIC CIRCUITS

A. Concept
The proposed method to characterize materials engaged in unconventional magnetic circuits (such as that shown in Fig. 4 ) is proposed on a relevant ring sample of the material to be used in the final tubular linear permanent-magnet (TLPM) machine design. The method is mainly based on generating a magnetic flux passing radially through the ring sample as shown in Fig. 10 . By combining the below-proposed procedure with the "standard" toroidal ring test of Fig. 8 , it is actually possible to provide complete magnetic characteristics for any magnetic circuit possible from all the known types of electric machine, including rotating machines, axial flux machines, and radial flux machines.
To generate the particular field required to emulate the TLPM machine flux pattern, two coils connected in series are accommodated on both sides of the ring sample. The direction of the current flow in the first main coil should have a 180°phase shift to the second main coil as otherwise only leakage flux would pass through the ring sample.
The above can be mathematically described by using Maxwell's equations. In general, time-varying current-carrying coils produce an alternating H in the direction that can be identified by the right-hand rule. This field induces an eddy current in an electrically conducting magnetic material in the same direction of the current. By expanding Maxwell's equation (∇ × H = J) into cylindrical coordinates, then as shown in [15] , this can be mathematically described by
By assuming that the eddy current is rotating in the azimuth direction only, then (8) 
B. Setup
The objective of the proposed setup is to generate the nonstandard magnetic flux direction described in the previous section. The ring sample is fitted with two primary coils and two secondary coils, as very high current densities are required to obtain the desired B in the ring. To further aid the increase of magnetic flux for a given current in the main windings, high permeability, ferrite magnetic material (0W-48613-TC) is used for the frame core. This ferrite material exhibits very low magnetic losses at high frequencies while it enjoys negligible losses at low frequencies [16] . The main challenge with this particular material is its relatively low saturation level, approximately 0.4 T. Fig. 11 illustrates the experimentally validated magnetic properties of the ferrite core including its μ r , eddy current losses, and the hysteresis losses. The total losses of the ferrite core represent less than 0.02% of the specimen losses at the highest frequency. Having such low values of losses justifies neglecting the ferrite core losses in the proposed model and experimental setup.
While the general concept shown in Fig. 10 does provide the required flux, it was, however, felt important to consider certain aspects of the application right from the start. An important aspect of tubular machines is the extra length added to the ends of the stator yoke in order to reduce the cogging force due to the finite edges [17] . The resulting eddy current in these parts behaves in a different manner from the rest of the magnetic circuit, mainly due to this part not being completely wound like the machine teeth [18] . Considering this, it was then decided to consider two variations of the proposed setup, one to consider the teeth and the other to consider the rest of the tubular machine magnetic circuit.
1) Setup 1:
The first setup is aimed to characterize the material used for the TLPM machine's teeth. An FE model of the proposed setup 1 is shown in Fig. 12(a) , where the tooth of the TLPM machine is represented by the ring sample. The ring sample is fitted between two primary coils and two secondary coils connected in series. It is important to set the correct polarity of the coils in order to have the mmf of the excitation coils and the back-emf of the sensing coils with a 180°phase shift between them.
Considering Figs. 5(a) and 10, then as is explained in [15] and [18] , eddy currents in the ring sample will rotate in two opposite directions following the direction of the excitation current in the adjacent coils on each ring side. Fig. 12(b) illustrates the behavior of the generated eddy currents, which, as expected, is similar to the TLPM machine eddy current shown in Fig. 5(b) .
The 3-D FE model is then used to assess the validity of the proposed method for predicting the eddy current loss in the ring sample. The model is solved for a range of frequencies and flux densities, with Fig. 13 showing the resulting eddy current losses as a function of applied frequency and B.
Considering the above, it is also important to note that with this setup 1, extra losses can be incurred due to eddy current pulsations between the two sides of the ring sample, mainly due to the 180°phase shift between the eddy currents generated in each ring side. This can potentially result in a relatively higher loss than for the toroidal method [18] .
2) Setup 2: The second proposed setup is used to characterize solid material lying between two coils, carrying currents in the same direction or material with a current-carrying coil only on one side. In this case, the eddy current flows in one direction, thus facing lower electrical resistance and rotating free inside the ring sample [see Fig. 14(b) ]. In the TLPM motor application, this can represent a single layer winding configuration or the finite edges of the tubular machine. An FE model of the proposed setup 2 is shown in Fig. 14(a) , where it can be observed how the ring sample is no longer positioned between two coils. Fig. 14(b) shows the behavior of the eddy currents that travel only in one direction. Fig. 15 shows the eddy current losses obtained from this 3-D FE model as a function of applied frequency and B. From  Fig. 15 , it can be observed that the losses in setup 2 are significantly higher than those of setup 1. This is mainly due to the unidirectional eddy current behavior passing through the larger effective cross-sectional area that directly increases the effective conductance of the medium. Considering (10) , where J is the eddy current density, σ is the conductivity, and ω is the angular speed, then it can be perceived that for a fixed B, the eddy current density is directly proportional to the electrical conductivity of the material. This means that the eddy loss is also directly proportional to the A of the ring sample, resulting in an increase in the magnitude of the eddy current itself and therefore an increase in power losses
V. EXPERIMENTAL VALIDATION
In order to validate the proposed method, a purposely built experimental setup is prototyped. This is shown in Fig. 16 , where the setup components can be observed in Fig. 16(a) and the overall scheme can be observed in Fig. 16(b) .
The material characterization for the two configurations explained in Section IV is thus performed experimentally on the setups shown in Fig. 16 . Both setup 1 and setup 2 are tested in order to characterize the required material to be used for the design of an optimized TLPM machine. By applying the methods described in Section III to the experimental results achieved from these tests then the core losses in the samples can be derived.
The core losses experimentally obtained for the "tooth material" by setup 1 are shown in Fig. 17, while Fig. 18 illustrates the core losses of the machine "edges sections," obtained by setup 2. Fig. 19 compares the results obtained from the 3-D FE models with those achieved experimentally. Excellent similarity is achieved, thus validating the proposed models.
In order to fully appreciate the significance of the proposed methods, a comparison between the resulting eddy current losses from the above-mentioned methods is illustrated in Fig. 20 . The objective of this is to show that the total eddy current losses resulting from a ring sample that has to operate in a magnetic circuit with an unconventional flux direction are significantly higher than indicated by standard (toroidal) tests.
The classical toroidal method of Fig. 6 results in a very low eddy current loss, while the proposed methods of Fig. 10 indicate a much greater eddy current loss component. This illustrates the significant underestimation of eddy current losses if traditional methods are used to test and characterize materials being used in unconventional magnetic circuits. Obviously, such an error in the correct estimation of losses can have a severe impact on the design of an electrical machine that makes use of an unconventional magnetic circuit.
Also, Fig. 21 shows the relation between the eddy current losses of all the mentioned methods for different frequencies. This is done for a fixed B of 0.7 T.
VI. CONCLUSION
In this paper, a new method of magnetic material characterization was proposed which provides more accurate results for losses prediction and accurate characterization of solid magnetic materials used in unconventional electrical machines.
The new method significantly improves on the conventional method by its ability to map the full losses developed from nonstandard flux and eddy current behavior, which have been shown to be significantly higher than predicted by existing methods.
The implementation of this technique has also highlighted the significant underestimation of losses that the "classical," toroidal ring method provides with nonstandard flux and eddy current distribution.
As a final remark on the proposed methods, it is clear that significant eddy current loss is identified when using setup 2, with a much lower loss resulting from setup 1. Both methods, however, result in significant improvements over the classical toroidal ring method.
In terms of future work, some improvements on the current setup have been already identified. One of the first measures to be considered is the replacement of the "low saturation," ferrite cores with higher permeability materials. This will permit testing of a wider range of magnetic materials and generating full magnetization curve.
The accurately modeled materials are also being used for the design of a new prototype of the TLPM motor. This will be presented in future work.
